Single compression tests were conducted for two types of pure Al (99.99%): one processed using equal-channel angular pressing (ECAP) through route Bc for 8 passes and the other with the same ECAP but successively annealed at 573 K for 1 h. The distributions of the equivalent strain introduced by the compression were quantitatively examined by finite element analysis (FEA). Comparison was made between the ECAP samples and the ECAP-annealed samples with regard to the inhomogeneity and magnitude of the strain developed during the compression. Hardness variations with the equivalent strain were also compared with those obtained by earlier studies using ECAP and high-pressure torsion. Moreover, the hardness variation throughout the cross section after compression was well predicted using the FEA for both ECAP sample and ECAP-annealed sample. It is shown that the change in the strain path from ECAP to compression affects the hardness variation with respect to the equivalent strain.
Introduction
Various processes of severe plastic deformation (SPD) such as equal-channel angular pressing (ECAP), highpressure torsion (HPT), accumulative roll-bonding (ARB) and multidirectional deformation (MDD) have been proposed as useful methods for introducing intense plastic strain in metallic materials and thus for producing utrafine-grained (UFG) structures. Many experimental studies are available for observations of microstructures as well as measurements of mechanical properties in bulk ultra-fine grained (UFG) materials produced by the SPD processes. [1] [2] [3] [4] [5] [6] [7] Recently, finite element analysis (FEA) is actively used to understand the microstructural inhomogeneity in SPD-processed materials and to determine an optimum condition in each SPD method. [8] [9] [10] [11] [12] [13] [14] For the ECAP process, it is known that route Bc is experimentally an optimum processing route for the grain refinement. 15) This suggests that the change in strain path affects microstructural evolution and its hardness variation. It was reported that a homogeneous equiaxed grain structure develops after processing through route Bc for 4 passes in pure Al and the microstructure and hardness remain essentially unchanged in the subsequent passes. [15] [16] [17] However, a question arises whether this may be the case if a strain path different than ECAP is successively applied to the ECAP-processed sample.
This study is thus initiated to conduct a conventional axisymmetric compression tests for two types of the samples processed with ECAP and with ECAP followed by annealing. An FEA is performed for obtaining the strain distributions created by the compression tests, and inhomogeneity and magnitude of the strain are compared between the two samples exhibiting different stress-strain relations. A relationship is thus constructed between the strain simulated by FEA and the hardness measured after the compression test. The results are discussed with reference to the hardness variations obtained by ECAP and HPT.
Experimental Procedure
Pure aluminum of 99.99% purity was used in this study. First, an ingot was swaged to rods of 10 mm in diameter. The rods were cut to a length of 60 mm and then annealed for 1 h at 773 K. ECAP was conducted at room temperature for 8 passes through route Bc (hereafter, designated as the ECAP sample). Full details of the procedures for ECAP were given earlier. 16) Following ECAP, samples were annealed for 1 h at 573 K for comparison (hereafter, designated as the ECAPannealed sample). At this time, the Vickers hardness and the average grain size were measured and they were used in this study as the initial Vickers hardness, Hv 0 , and initial average grain size, d 0 : thus, for the ECAP sample, Hv 0 % 37 and d 0 % $2 mm and for the ECAP-annealed sample, Hv 0 % 25 and d 0 % $50 mm. An earlier report 16) gave details of the microstructural evolution occurring in ECAP samples during annealing. All ECAP samples including the annealed samples were machined to cylindrical specimens that were 12 mm in height and 8 mm in diameter for compression testing.
The compression test was performed at a strain rate of 0.01 s À1 in a single pass at room temperature ($293 K) using a compression simulator. This strain rate was selected to avoid heat generation during compression testing. The load, F, and the displacement, u zz , were recorded continuously as a function of time to obtain F-u zz curves. The compression tests were terminated at either a compression ratio of 49 or 73% for both the ECAP samples and the ECAP-annealed samples. The specimens after the compression tests were cut for the hardness measurement and microstructure observation in the direction parallel to the compression direction and the sectional planes were carefully polished to a mirror-like surface. The hardness measurements were undertaken on the sectional planes along the two symmetry axes intersecting parallel and perpendicular to the compression direction. For each hardness measurement, a load of 25 g was applied for 15 s. Microstructures in the cross section were observed using the electron back scattered diffraction (EBSD) method in a Schottky type scanning electron microscope (SEM) operated at 15 kV. EBSD analysis was conducted using a Carl-Zeiss LEO Gemini 1550 scanning electron microscope equipped with a TSL-OIM analytical system.
Numerical Procedure
FE simulation was carried out using the FE-code ABA-QUS/Explicit ver. 6.3-5. A 1/4 model was used for the analysis by utilizing the symmetry condition. An 8-node linear element in an axisymmetric model was used for the sample, and the anvil was regarded as the rigid body. The finite element mesh in the sample included 2501 nodes and 2400 elements. As the analysis proceeded, the mesh became too degenerate by heavy deformation, and remeshing was inevitably required. A Young's modulus of 70 GPa and a Poisson's ratio of 0.35 were used for the sample at 293 K. The stress-strain relationships employed in the analysis were obtained using the experimental data of compression tests at a room temperature and a strain rate of 0.01 s À1 . Experimental data up to a true strain of " ¼ 0:7 were used to avoid excessive inhomogeneous deformation due to barreling. To obtain the relationships beyond the true strain of 0.7, extrapolation through Hollomon's equation,
was used for the ECAP-annealed sample. For the ECAP sample, because the flow stress was saturated around the strain of 0.5 and remained constant after that, a relation of constant stress with strain was adopted beyond the strain of 0.5. The Coulomb condition was used as the frictional condition between the anvil and the sample, ¼ p, where denotes the shear stress, is the friction coefficient and p is the contact pressure. The value of was determined using the experimental F-u zz curves including sample configurations. Figure 1 shows the F-u zz curves and the true stress -true strain " curves up to " ¼ 0:7 for the ECAP sample and the ECAP-annealed sample. The curves were significantly different between the two types of the samples in the early stages in deformation, and this difference decreased with increasing displacement of compression. The difference in the early stages depends on the initial microstructure, and the conformance in the final stages indicates that the hardness in the compressed samples was, on average, almost the same when a large strain was introduced. In the ECAP-annealed sample, a yield stress of YS % 32 MPa is observed, followed by work hardening under plastic deformation. The ECAP sample reaches a yield stress of YS % 132 MPa, which is four times higher than that of the ECAP-annealed sample. However, strain softening immediately occurs, and the flow stress levels off thereafter, i.e., strain hardening becomes zero. Figure 2 shows a comparison between the F-u zz curves predicted by the FEA using a friction coefficient of ¼ 0:35 and those experimentally measured. The curves showed good agreement with the experimental data. It should be noted that, although comparison was made with several values for , the best agreement was achieved with ¼ 0:35. Furthermore, the shapes of the compressed samples became the same as those by the FEA for ¼ 0:35. Hence, this study used the friction coefficient of 0.35 in the FEA.
Results and Discussion

Comparison of experimental measurements and numerical results
Difference of strain distributions
As seen from the -" curves shown in Fig. 1(b) , the deformation behaviors are significantly different between the ECAP sample and the ECAP-annealed sample. This suggests that the microstructure affects the -" curves and thus the inhomogeneity of the strain imposed by the compression test must be different even when the compression conditions are for the ECAP sample and the ECAP-annealed sample, respectively, after compression of 73%. The inset in Fig. 3 describes the cross section where the contours are depicted. It is evident that both magnitude and inhomogeneity of " eq depend critically on the initial microstructural conditions. Three important features arise from the strain distribution. The first feature, which is common to both the ECAP sample and the ECAP-annealed sample, is that the strain accumulation is higher as the position closer to the center of the compressed specimen with additional maxima near the upper and lower surfaces around the outer edges. This feature is consistent with the general understanding that the deformation tends to concentrate at the specimen center due to the effect of friction in the compression test. 5, 19) The second feature is that the strain accumulation is more pronounced and spreading in the ECAP-annealed sample than the ECAP sample. This feature is further demonstrated in Fig. 4(a) where " eq is delineated with the distance from the specimen center along the compression axis z as illustrated in the inset. For comparison, Fig. 4(a) also includes the results of the compression tests up to compression of 49%. It is apparent that the area of higher strain is extended more away from the center in the ECAP-annealed sample than in the ECAP sample and this extension tends to be reduced with an increase in the compression from 49 to 73%. The third feature is that the strain at the center is always higher for the ECAP sample than the ECAP-annealed sample regardless of the magnitude of compression. This feature is further documented in Fig. 4(b) where the change in " eq at the specimen center for each type of the sample is shown as a function of the compression ratio: R ð%Þ ¼ 100 Â u zz ðmmÞ=12. The second and third features must be the consequences arising from the difference in the -" curves shown in Fig. 1(b) . For the ECAP sample, the stress is decreased in the early stage of compression test due to strain softening and hence, the strain tends to be more released throughout the compression Distributions
specimen. For the ECAP-annealed sample, the stress is increased in the early stage by strain hardening and hence, the strained region spreads to soft areas in the compression specimen. Figure 5 plots the hardness against " eq for (a) the ECAP sample and (b) the ECAP-annealed sample. Here, the hardness data were measured along the symmetric axes corresponding to r and z defined in the inset for the 49-and 73%-compressed samples. The values of " eq were used from those calculated from the FEA at the measurements of hardness. Correlation between hardness and equivalent strain is represented by the following equations; For the ECAP sample Hv ¼ 37 À 3:0" eq þ 0:49" eq 2 where " eq 3:0 ð1Þ
Hardness variations with strain
For the ECAP-annealed sample
Hv ¼ 25 þ 21:7" eq À 12:3" eq 2 þ 2:0" eq 3 where " eq 2:4 ð2Þ
Now, the hardness distribution throughout the cross section is depicted in Fig. 6 based on the strain distributions shown in Fig. 3 and using eqs. (1) and (2) derived above. Here, Fig. 6(a) is for the ECAP sample and Fig. 6(b) for the ECAP-annealed sample. To check the validity of this hardness distribution, hardness measurement was attempted throughout the cross section for both ECAP sample and ECAP-annealed sample and the results are shown in Fig. 6(c) and (d), respectively. It is apparent that the hardness distributions predicted using eqs. (1) and (2) are in good agreement with those measured after compression, although both prediction and measurement appear to be somewhat different for regions near the outer edges. It is likely that this difference is caused by an effect of the shear deformation because a large shear strain is imposed near outer edges by compression test and because microstructural evolution and hardness variation are reported to depend on the shear deformation or deformation mode. 8, [20] [21] [22] It should be noted that this comparison has used calculation and measurement from a 1/4 area of the cross section, provided that the axisymmetry is preserved for the cylindrical compression sample. It is seen that the hardness distribution is different 
For ECAP sample
For the ECAP sample, the hardness decreases with increasing " eq . This decrease is inconsistent with an earlier observation 17) that the hardness remains constant with straining after processing for more than 4 passes. It should be noted that the ECAP sample used in this study was already pressed for 8 passes before compression testing. Nevertheless, the hardness decreases as plotted in Fig. 5(a) and it is considered that this must be due to the change in the strain path from ECAP to compression. It was reported that the hardness level tends to be lower for the cyclic rotation than for one-way rotation in the HPT of an aluminum alloy and a low carbon steel even when the number of revolution and applied pressure are the same. 20, 21) The sample subjected to ECAP through route Bc is processed by multidirectional deformation 2, 5, 7, 8, 14, 22) but the sample is never deformed by compression from the longitudinal direction parallel to the extrusion direction. The change in the stain path from ECAP to compression thus alters the local slip systems and creates additional active slip systems. This must be the reason why the hardness level further decreases with straining despite the fact that a steady state is already established by ECAP for 8 passes through route Bc. It was shown in earlier studies, 1, 6, 13, 15) the microstructures formed by SPD processes consist of grains with high angles of boundary misorientations but at the same time they are deformed structures so that there is an appreciable fraction of low angle boundaries. Figure 7 shows the boundary maps near the surface (" eq % 0) and at the center (" eq % 4:0) after compression by 73% for the ECAP sample. It is apparent that the fraction of low-angle grain boundaries (LAGB) below 5 decreases with increasing " eq and the fraction of high-angle grain boundaries (HAGB) above 15 increases. Therefore, the decrease in hardness for the ECAP sample is attributed to the changes in substructures related to the stain path from ECAP to compression rather than the formation of fine grains surrounded by HAGB.
For ECAP-annealed sample
The hardness behavior with " eq is different for the ECAPannealed sample as shown in Fig. 5(b) . The hardness increases initially with increasing " eq , takes a maximum at " eq % 1:3 and decreases thereafter. This behavior is very similar to the ones obtained by ECAP and HPT. 17, 23) In ECAP, the hardness increases with increasing number of ECAP passes, takes a maximum at two passes (" eq % 2:0), decreases beyond the two passes and levels off at four passes (" eq % 4:0). 17) In HPT, the behavior is also similar such that the hardness exhibits a maximum at " eq % 2:0 and a steadystate begins to occur at " eq % 6:0.
23) For the ECAP-annealed sample in the present study, the hardness maximum appears because the ECAP samples were annealed before compression and therefore the microstructure developed by ECAP was restored by the annealing. It is then reasonable that the hardness behavior with straining became similar to those obtained by ECAP and HPT. The boundary maps are shown in Fig. 8 together with the fractions of LAGBs and HAGBs for the ECAP-annealed sample. The map in Fig. 8(a) corresponds to the strain where the hardness increases, Fig. 8(b) at the strain where the hardness takes the maximum, and Fig. 8(c) corresponds to the strain where the hardness decreases. The fraction of LAGBs increases initially with increasing " eq , takes a maximum at " eq % 1:3 where the hardness exhibits the maximum, and decreases with further increasing " eq . The fraction of HAGBs exhibits an opposite trend so that it reaches a minimum at " eq ¼ 1:3. In particular, in Fig. 8(c) the majority of grains are slightly elongated in the direction perpendicular to the compressive direction with a size of $2 mm being surrounded by HAGBs. The microstructure seems to approach the one at the center in the ECAP sample shown in Fig. 7(b) . Furthermore, because the hardness is homogeneous across the samples strained largely by HPT, 23, 24) it is anticipated that the hardness shown in Fig. 5 (b) levels off if hardness data would be available at higher strain. The increase in hardness with strain up to " eq % 1:3 is attributed to dislocation accumulation and formation of subgrain boundaries. The subsequent decrease in hardness from " eq % 1:3 to " eq % 2:4 is because of a decrease in dislocation density within (sub)grains. It is considered that the decrease in dislocation density occurs because some dislocations are annihilated at (sub)grain boundaries. Such softening behavior induced by decrease in dislocation density is observed in some literatures using transmission electron microscope 23, 24) or X-ray diffractometry 25) for ECAP, HPT, and ARB processed pure Al.
Close comparison reveals that the hardness maximum appears at a lower strain than those reported: " eq % 1:3 for this study but " eq % 2 for the earlier studies. 23) It is considered that this may be due to the difference in the annealing conditions before intense straining. The ECAP sample was annealed at 573 K for 1 h in this study but, in the earlier studies, the annealing was conducted at 773 K for 1 h after swaging or cold rolling. This difference resulted in the difference in grain size: $50 mm for the former but $700 mm for the latter. Harai et al. reported 23) that dislocation accumulation occurs with straining and reach a maximum density giving rise to a maximum hardness. At the same time, subgrains develop and the misorientation angles increase with straining, as shown in Fig. 8 . However, the dislocation density decreases within the subgrains beyond the strain corresponding to the maximum hardness because of the absorption of dislocations in the grain boundaries which happens more easily when the misorientation angle is large. It is considered therefore that, if the initial grain size is smaller, there may be more chances that the generated dislocations are blocked at the grain boundaries. Thus, the hardness maximum appears at a lower value of " eq and subsequently enters into a steady state. 
Conclusions
The following conclusions are drawn from the comparison between FEA and hardness measurements after compression of the ECAP samples and ECAP-annealed samples.
(1) Both magnitude and inhomogeneity of equivalent strain, " eq , depend on the initial microstructural conditions. The " eq at the center of the compressed specimen is always higher for the ECAP sample than the ECAP-annealed sample regardless of the magnitude of compression. (2) The hardness maximum appears for the compression of the ECAP-annealed sample when the hardness is plotted against the equivalent strain calculated through FEA. The appearance of the hardness maximum is consistent with the earlier reports using ECAP and HPT processes. However, the strain at the hardness maximum is lower in this study and this can be attributed to the difference in initial grain size: $50 mm for this study but $700 mm for the earlier studies. (3) The hardness variation throughout the cross section after compression is well predicted using the FEA for both ECAP sample and ECAP-annealed sample. (4) The change in the strain path from ECAP to compression affects the hardness variation with " eq .
